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Introduction
The geochemical cycling of iron (Fe) in terrestrial and marine environments is heavily influenced by microbial activity. Microorganisms gain energy from both Fe(III) reduction and Fe(II) oxidation (Bird et al., 2011; Konhauser et al., 2011) . Iron-based metabolisms are spread throughout the bacterial and archaeal branches of the phylogenetic tree (Weber et al., 2006) and may have been some of the earliest metabolisms on Earth (Vargas et al., 1998) . Anoxygenic photosynthesis using Fe(II) as an electron donor is thought to evolutionarily pre-date oxygenic photosynthesis (Xiong, 2006) . Under anoxic conditions, so-called photoferrotrophs can couple the oxidation of Fe(II) to the reduction of bicarbonate using light energy (Ehrenreich & Widdel, 1994) , with the stoichiometry:
Photoferrotrophs were suggested to account for significant Fe(II) oxidation in oxygen-poor seawater that resulted in the deposition of mixed-valence Fe-rich sediments from Precambrian seawater (Konhauser et al., 2002; Kappler et al., 2005a; Posth et al., 2008 Posth et al., , 2013 , examples of which include the banded iron formations (BIFs), deposited in the Archean to Paleoproterozoic (c. 3.5-1.8 Ga; Bekker et al., 2010) .
Previous physiological studies of three phylogenetically distinct freshwater photoferrotrophs (Rhodobacter ferrooxidans sp. strain SW2, Chlorobium ferrooxidans strain KoFox and Thiodictyon sp. strain F4) (Kappler & Newman, 2004; Hegler et al., 2008; Schaedler et al., 2009) have been used to assess the possibility that photoferrotrophs were involved in Fe(II) oxidation under anoxic conditions. Calculations using Fe(II) oxidation rates from a freshwater strain coupled to the physical and chemical characteristics of Archean seawater suggested that photoferrotrophs could drive the full oxidation of Fe(II) upwelling from deep, hydrothermal sources at rates consistent with those needed to explain deposition of Fe(III) to major Precambrian BIFs and supporting the role of photoferrotrophy in Fe(II) oxidation in anoxic Precambrian seawater (Kappler et al., 2005a) .
Despite the potential importance of photoferrotrophs to marine Fe(II) oxidation in the Precambrian, only one study to date has described the physiology of marine photoferrotrophs (Straub et al., 1999) . Yet the solution chemistry (e.g. chloride concentration) and (organic) ligands (e.g. presence of siderophores) that control the speciation and reactivity of iron in the ocean differ from freshwater. These factors might affect the rates of photosynthetic Fe(II) oxidation and the concomitant Fe(III) minerals formed. Furthermore, photoferrotrophs are phylogenetically diverse, and genes implicated in this process are not homologous among different isolates (Croal et al., 2007) , suggesting that the Fe(II) oxidation process could vary among distinct species. While laboratory examination of the Fe isotope fractionation and Fe(II) oxidation rates of some freshwater strains support the role of photoferrotrophic Fe(II) oxidation in the deposition of iron minerals to BIFs (e.g. Johnson et al., 2003; Croal et al., 2004; Kappler et al., 2005a; Hegler et al., 2008; Czaja et al., 2013) , constraining Fe(II) oxidation rates of a marine photoferrotroph might give additional insights about the role of anoxygenic photosynthesis in Fe(II) oxidation under conditions relevant to Precambrian BIF deposition.
Previous studies have provided the identity of a few genes and enzymes associated with anoxygenic photosynthetic Fe(II) oxidation (Croal et al., 2007; . Despite this, our understanding is fragmented regarding, for example, why the often negatively charged cell surfaces do not become encrusted by the positively charged Fe(III) minerals formed during photosynthetic Fe (II) oxidation, as has been shown for other freshwater anaerobic Fe(II)-oxidizing strains (Kappler & Newman, 2004; Hegler et al., 2008; Schaedler et al., 2009) . A lowpH microenvironment surrounding the cell surface during Fe(II) oxidation might prevent Fe(III) minerals from precipitating around the cells, circumventing cell encrustation (Schaedler et al., 2009; Hegler et al., 2010) . Bacterially produced organic polymers were also suggested to be a strategy for photoferrotrophs to avoid encrustation by templating iron minerals during precipitation (Chan et al., 2004; Miot et al., 2009a) or by solubilizing Fe(III) through complexation (Schaedler et al., 2009) . Besides these strategies, modification of the cell surface charge has also been proposed (Schaedler et al., 2009; Saini & Chan, 2013) .
In the present study, growth and activity of the marine strain Rhodovulum iodosum, originally isolated by Straub et al. (1999) , were examined at several initial Fe(II) concentrations and light intensities. Fe(II) oxidation in the presence of Si was also examined to simulate conditions of the Precambrian seawater saturated with respect to Si (Maliva et al., 2005) . By investigating the Fe(II) oxidation and Fe(III) mineral precipitation processes of the marine strain R. iodosum and comparing these results with the physiology of well-characterized freshwater strains (e.g. Hegler et al., 2008; Miot et al., 2009a) , we enhance the knowledge on how Fe(II) oxidation and Fe(III) precipitation occur during microbial Fe(II) oxidation. Specifically, this study evaluates whether the cells of this marine strain become coated by the Fe(III) minerals precipitated during Fe(II) oxidation as it occurs in some anaerobic nitratereducing Fe(II)-oxidizing bacteria (Klueglein et al., 2014) . We also use our results to quantitatively re-evaluate whether marine photoferrotrophs could drive full oxidation of upwelling Fe(II) from anoxic waters in the Precambrian (Kappler et al., 2005a) .
Materials and methods

Strain source
The marine photoferrotroph R. iodosum was obtained from Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ), Germany (DSM 12328T). It was isolated from a mud flat of the Jadebusen (North Sea) (Straub et al., 1999) .
Culturing medium
The strain R. iodosum was routinely cultured using marine phototroph medium (20 g NaCl, 6.8 g MgSO 4 *7H 2 O, 1.5 g CaCl 2 *2H 2 O, 0.25 g NH 4 Cl, 0.4 g KH 2 PO 4 , 0.09 g KBr, 0.66 g KCl in 1 L Millipore water). The medium was prepared in a Widdel flask and flushed with N 2 /CO 2 (v/v, 90/10) after autoclaving. Sodium bicarbonate (22 mM) was used as the primary buffer, and the pH was adjusted to 6.80 with HCl or Na 2 CO 3 . As R. iodosum can only oxidize Fe(II) within a narrow pH range of 6.3-6.8 (Straub et al., 1999) , we chose the upper limit of the pH range (6.8) to simulate the circumneutral Archean seawater (Hardie, 2003 
Growth on H 2
To determine the dependence of R. iodosum growth rates on light intensity, in cultures growing on H 2 , the light intensity was varied from 3, 12 to 20 lmol quanta m À2 s
À1
(150, 600 and 1000 lux) by placing the tubes at different distances from the tungsten light bulb. Cells were incubated in 15-mL glass tubes (7.5 mL medium), and growth was monitored through optical density measurements at OD 660 nm on a spectrophotometer (Analytik Jena SPEKOL 1300). H 2 /CO 2 was flushed through the headspace every other day during incubation. . The effect of Si addition on Fe(II) oxidation was examined at 2 mM Fe(II). A Si stock solution (50 mM NaSiO 3 *9H 2 O) was prepared anoxically at 80°C and then added to the 2 mM Fe medium through a 0.2-lm filter to a final concentration of 2.2 mM to simulate proposed Precambrian seawater saturated with amorphous Si (Maliva et al., 2005) . An unpaired, two-tailed t-test at a 95% confidence interval was used to determine whether the Fe(II) oxidation rates obtained from triplicate experiments under one condition (e.g. with Si) were statistically significant from the average value obtained from a second set of experiments (e.g. without Si).
Fe(II) and total Fe analysis
Time-interval sampling for Fe(II) and total Fe quantification was conducted in an anoxic glove box (100% N 2 ). The culture suspension was dissolved anoxically with 6 M HCl or 1 M HCl (Porsch & Kappler, 2011) for total Fe and Fe(II) determination. Fe(II) concentrations were measured using the ferrozine assay (Stookey, 1970) . Total Fe was determined after incubating the solution with the reducing agent hydroxylamine hydrochloride acid (10% wt/v, prepared in 1 M HCl) for 30 min, and the Fe(III) concentration was obtained by the difference between total Fe and Fe(II). The absorbance was read through a microtiter plate reader (Analytik Jena Flash Scan 550) at a wavelength of 562 nm.
Microscopy
Growth of R. iodosum at 4.07 mM Fe(II) and 12 lmol quanta m À2 s À1 was quantified by fluorescent microscopic cell counts. For cell counts, a sample of the culture was first fixed with paraformaldehyde at a final concentration of 2.5% and incubated at 4°C until analysis. The fixed sample was then centrifuged for 10 min at 16 000 g, and the pellet was re-suspended in a solution of ferrous ethylenediammonium sulfate (one part, 100 mM) and oxalic oxalic acid) for 10 min to dissolve the iron minerals. The cells were then suspended in a mixture of Tris buffer (nine parts) and sodium pyrophosphate (one part) and briefly sonicated to disperse cell aggregates. The dye Sytox Green (Invitrogen) was used to stain the cells, which were then filtered onto a black polycarbonate filter (Millipore, 0.22 lm). Cells were counted using a Leica DM5500B fluorescence microscope using the L5 filter. At least 40 image frames or a total of 1000 individual cells, respectively, were counted per sample. For scanning electron microscopy (SEM) imaging, 1 mL of culture was taken at the end of incubation, washed with Millipore water, and centrifuged. The pellet was then re-suspended in acetone, and one drop was loaded onto a sticky carbon pad mounted on an aluminum stub (both Plano GmbH, Wetzlar, Germany), and dried in a vacuum chamber (À0.9 bar). The sample was sputter-coated with 6-8 nm platinum (BAL-TEC SCD 005, BAL-TEC, Liechtenstein, 35 mm working distance, 30 mA, 60 s). A Leo Model 1450VP SEM (Carl Zeiss SMT AG, Germany) was operated at 7 kV and 6 mm working distance with a secondary electron (SE) detector.
To obtain more information about the cell-mineral associations of this strain, cell-mineral aggregates were analyzed using a confocal laser scanning microscope (CLSM; Leica SPE, Mannheim, Germany). Three different dyes were added to the sample sequentially in a glove box to stain DNA (SYTO â 9 green fluorescent nucleic acid stain, Molecular probes, Invitrogen), extracellular polymeric substances (EPS; wheat germ agglutinin, Alexa Fluor â 633 conjugate, Molecular probes, Invitrogen), and dissolved/complexed Fe(III) (Yang et al., 2012) . Excitation lasers with wavelengths of 488, 561, and 635 nm were used to collect fluorescence signals at wavelength ranges of 490-510, 579-620, and 640-700 nm for DNA, Fe(III), and EPS probes, respectively. The reflection signal of the 488 nm laser was used to detect mineral particles.
The dye combinations and wavelengths of fluorescence were optimized to avoid fluorescence overlap. Spatial correlations of these signals were analyzed with IMAGEJ (Abr amoff et al., 2004) using a custom-made plugin to generate scatterplots of fluorescent signals. As a measure of correlation, we calculated the root-mean-square error (RMSE) of the reduced major axis regression line. To make RMSE values comparable, units were normalized to the maximum signal of each channel.
Mineralogical analyses
The intermediate (after 42% of Fe(II) had been oxidized) and final mineral products of Fe(II) oxidation by R. iodosum at 4.07 mM Fe(II) and 12 lmol quanta m À2 s À1 were collected for micro X-ray diffraction (lXRD). We prepared the samples both anoxically and oxically to discern if products were stable with respect to subsequent oxygen exposure. Samples were washed with DI water three times to remove residual salts, air-dried, and loaded to a Si single-crystal silicon wafer. For anoxic preparation, all the sampling, washing, drying, and loading steps were conducted in an anoxic glove box, and the slide was kept anoxic until measurement. Data were collected with a Bruker D8 Discover XRD instrument (Bruker, Germany) equipped with a Co Ka X-ray tube (k = 0.17902 nm, 30 kV, 30 mA) and GADDS area detector (Berthold et al., 2009) . Mineral phases were identified using the International Center for Diffraction Data (ICDD) database.
Results
Effects of initial Fe(II) concentration on Fe(II) oxidation rates
Due to filtration of the medium before use,~6-30% of the initially added Fe(II) (that was precipitated as Fe(II) carbonate and Fe(II) phosphate) was removed so that the initial Fe(II) concentrations used in experiments were 0.43, 0.70, 1.26, 1.51, and 4.07 mM. Fe(II) oxidation was followed over time at all of these Fe(II) concentrations at a light intensity of 12 lmol quanta m À2 s À1 and an initial cell number of~1.5 9 10 7 cells mL À1 . Rhodovulum iodosum showed a lag phase during which the Fe(II) concentration was nearly unchanged, before it started oxidizing Fe(II). The lag time increased with the initial Fe(II) concentration, from 1 to 3 days at 0.4-1 mM Fe(II) to 7-9 days at 1.2-5 mM Fe(II). A lag phase of~8 days was also observed for this strain at 10 mM Fe(II) (Straub et al., 1999) . As the experiments were performed at similar light intensities as the cultures used for inoculation, the lag phase observed stems either from adaptation to Fe(II) or, supported by the fact that the lag phase increases with Fe(II) concentration, from Fe(II) toxicity effects as described before for anaerobic Fe(II)-oxidizing bacteria (Bird et al., 2013) . Following the lag phase, Fe(II) was oxidized completely (> 97%) during further incubation. Fe(II) oxidation rates were calculated by linear regression of the steepest part of the Fe(II) vs. time plots. The average of three parallel bottles resulted in an Fe(II) oxidation rate of 1.27 AE 0.15 mM day À1 at 4.07 mM initial Fe(II), which decreased to 0.15 AE 0.02 mM day À1 at 0.43 mM Fe(II) (Fig. 1a) . Si addition to the 1.51 mM Fe (II) medium had no significant effect on the Fe(II) oxidation rate (0.73 AE 0.01 vs. 0.69 AE 0.04 mM day À1 with and without Si; P-value = 0.2954; Fig. 1a) , only that the onset of Fe(II) oxidation by R. iodosum was delayed by ~48 h compared to that with no Si. No Fe(II) oxidation was observed in an abiotic (uninoculated) control incubated under identical conditions.
Microbial growth and pH change during phototrophic Fe(II) oxidation by R. iodosum
Growth of R. iodosum in experiments with 4.07 mM initial Fe(II) was monitored using fluorescence microscopic cell counts (Fig. 1b) . Cell numbers dropped slightly from 1.5 9 10 7 to 1.0 9 10 7 cells mL À1 during the lag phase.
Then, cells increased quickly, by more than one order of magnitude during the Fe(II) oxidation stage, reaching a maximum of 2.3 9 10 8 cells mL À1 at 240 h. This yields a cell number-normalized Fe(II) oxidation rate of 4.7 9 10 À16 mol Fe(II)/h per cell, significantly faster than the rate we calculated for the freshwater strain R. ferrooxidans SW2 at saturated light intensity with 4 mM initial Fe(II) (3.8 9 10 À17 mol Fe(II)/h per cell) from data in Hegler et al. (2008) . Following Fe(II) oxidation, the pH of the medium decreased from the initial neutral pH (6.80) to 6.51 AE 0.06. Precipitation of Fe(III) following oxidation is accompanied by proton generation, according to Eqn.(1), which likely leads to the observed pH decrease. The pH for the abiotic control stayed constant during the time course of the experiments (6.80 AE 0.04).
Effects of light intensity on Fe(II) oxidation rates
Growth experiments were also conducted at different light intensities (3, 6, 12, 16 , and 20 lmol quanta m 
Effects of light intensity on growth rates with H 2 as electron donor
Growth rate dependence on light intensity was examined by growing R. iodosum at 3, 12, and 20 lmol quanta m À2 s À1 with H 2 as the sole electron donor. The cell-specific growth rate (l; day À1 ) increased with light intensity, but did not reach a maximum even at the highest light intensities we considered here (20 lmol quanta m À2 s À1 ; Fig. 2 ). The fastest cell-specific growth rate was 0.98 day À1 .
Microscopic analysis of cell-mineral aggregates
The cell-mineral aggregates of Fe(III) minerals precipitated in R. iodosum cultures were examined after complete Fe(II) oxidation by SEM (Fig. 3) . Individual cells were 1-2 lm long and associated with but not coated by or encrusted in mineral particles of 100-300 nm diameter. We conducted confocal laser scanning microscopic analysis of wet samples to further confirm the native associations of cell-EPS-mineral aggregates (Fig. 4) . Imaging the cell-mineral aggregates in a hydrated state obviates artifacts such as agglomeration and cell lysis encountered during drying of the samples for SEM. The fluorescence signals of the Fe(III)-specific fluorescent probe and of the lectin-conjugate binding to EPS are co-localized (Fig. 4b, c, and e) , supported by the RMSE values after reduced major axis fitting of 2D scatterplots of the signal intensities from each of the fluorescence channels (Fig. 5a ). This correlation suggests that the Fe (III) is closely associated with organic structures like EPS. The EPS signal is also co-localized with the reflection (mineral) signal (Fig. 4c-e) , as determined by correlations in 2D scatterplots (Fig. 5b) . The signal of the DNA-binding dye (Fig. 4a ), indicating cells, was spatially separated from the fluorescence of the lectin-conjugate EPS dye and the mineral reflection signal ( Fig. 4c-e; Fig. 5c and d) , indicating that cells were not surrounded or encrusted by EPS or minerals, confirming our SEM results.
Mineralogy
The identity of the intermediate and final mineral products of Fe(II) oxidation was examined by l-XRD.
Samples prepared for l-XRD under anoxic and oxic conditions showed little difference in the diffraction peak positions (data not shown) confirming that the minerals produced by R. iodosum are not sensitive to subsequent oxidation and likely composed of only Fe(III). The l-Xray diffractogram of the intermediate phase did not have any reflections corresponding to a crystalline mineral phase, suggesting a poorly crystalline or amorphous phase (Fig. 6a) . More crystalline phases of goethite (a-FeOOH) minerals were formed, with minor fractions of lepidocrocite (c-FeOOH), at the end of incubation (Fig. 6b) . No Fe phosphate minerals (e.g. vivianite) were detected by l-XRD, although a significant concentration of phosphate was present in the medium after double filtration (~40-60 lM).
Discussion Fe(III) precipitates formed by R. iodosum
At circumneutral pH (6.80) in the growth experiments, the Fe(III) formed as a result of Fe(II) oxidation is poorly soluble and should readily precipitate as Fe(III) (oxyhydr) oxide minerals. In the initial report on the cultivation of R. iodosum, ferrihydrite formation was observed when 60-70% of Fe(II) was oxidized (Straub et al., 1999) . Poorly crystalline Fe minerals without obvious diffraction peaks were detected at the initial stage during Fe(II) oxidation in our experiments, likely ferrihydrite (Fig. 6a) . These mineral particles were of a comparable size to the Fe minerals formed by freshwater photoferrotrophs ( Fig. 3 ; Miot et al., 2009a; Schaedler et al., 2009) . Goethite was the dominant final Fe(III) phase at the end of incubation (Fig. 5b) . This suggests that once ferrihydrite forms, it is not stable and readily transformed to more crystalline goethite during further incubation. Similar transformation of ferrihydrite to goethite was also observed with the freshwater photoferrotroph R. ferrooxidans SW2 (Kappler & Newman, 2004) , probably suggesting a common aging effect, or more likely, that the presence of Fe(II) induces the transformation of ferrihydrite to goethite via recrystallization (Hansel et al., 2003) . Although no magnetite peaks were observed in our l-XRD analysis of the final minerals, Straub et al. (1999) did report minor magnetite formation during Fe(II) oxidation by R. iodosum.
In aqueous environments, Fe(III) resulting from Fe(II) oxidation is commonly precipitated as goethite and lepidocrocite minerals, consistent with the final products of our experiments. With increasing bicarbonate concentrations, goethite formation is favored (Carlson & Schwertmann, 1990; Larese-Casanova et al., 2010) , and at HCO 3 À saturation, only goethite minerals form (Carlson & Schwertmann, 1990) . In this study, 22 mM bicarbonate buffer was used, which favors the precipitation of the goethite, although saturation of HCO 3 À (57 mM), estimated by linear extrapolation according to Carlson & Schwertmann (1990) , was not reached in the growth medium. Thus, co-existence of goethite and lepidocrocite minerals as we observed is expected. Besides inorganic ligands like HCO 3 À , the average Fe(II) oxidation rate (AOR) also influences the identity of the final Fe(III) products. Carlson & Schwertmann (1990) suggested an equation for the mineralogical composition of final Fe (III) products using the HCO 3 À concentration and AOR at pH 7:
The amount of lepidocrocite estimated this way should be no more than 35% of the final Fe(III) products during Fe(II) oxidation by R. iodosum at 4.07 mM Fe(II). This is consistent with our l-XRD data showing formation of both goethite and lepidocrocite at the end of incubation (Fig. 6b) .
The influence of other anions like phosphate on the Fe (III) minerals formed during microbial Fe(II) oxidation has been discussed for other strains. A disordered or amorphous Fe(III) phosphate was observed during Fe(II) oxidation by Acidovarax sp. strain BoFeN1 at total phosphate concentration of 0.2 and 1 mM (Miot et al., 2009b; LareseCasanova et al., 2010) . Yet in our current medium, the phosphate concentration is quite low (~40-60 lM) after double filtration, and no Fe(III) phosphate mineral was detected. More likely, lM concentrations of phosphate may promote the formation of less crystalline phases (i.e. ferrihydrite) during initial oxidation (Swanner et al., 2011) .
How does the marine photoferrotroph R. iodosum avoid cell encrustation?
Goethite, with its high point of zero charge, results in positively charged minerals at the near neutral pH range in our experiments. Therefore, goethite is expected to encrust cells, as cell surfaces are often negatively charged. However, CLSM images show that the cells are not encrusted by the Fe(III) minerals precipitated (Fig. 4) , which is similar to the case for freshwater photoferrotrophs . An ability to avoid encrustation seems to characterize photoferrotrophs generally, in contrast to the nitrate-reducing Fe(II) oxidizers, which become encrusted by Fe(III) minerals produced during Fe (II) oxidation (Kappler et al., 2005b; Klueglein et al., 2014) , which may hinder diffusion of nutrients and metabolites to the cell and waste products away from cell (Chan et al., 2009) .
The strategy of how cells avoid encrustation varies for different types of Fe(II)-oxidizing bacteria. For example, during microaerophilic Fe(II) oxidation, cells sometimes produce organic stalks or sheaths that bind Fe(III) minerals as they form (Emerson & Revsbech, 1994; Chan et al., 2004; Hallberg & Ferris, 2004) . Formation of soluble or colloidal Fe(III) compounds by lithotrophic aerobic Fe(II)-oxidizing bacteria was observed in gradient tubes where Fe(II)-oxidizing bacteria are grown in opposing gradients of O 2 and Fe(II) (Sobolev & Roden, 2001; Swanner et al., 2011) . For freshwater anoxygenic photoferrotrophs like R. ferrooxidans SW2, Fe(II) oxidation was suggested to occur in the periplasm (Croal et al., 2007; ), yet it was also suggested that these freshwater strains avoid encrustation or precipitation of Fe(III) minerals within the periplasm by generating local acidic environments to maintain Fe(III) as a soluble species until it diffuses away from the cell surface (Schaedler et al., 2009; Hegler et al., 2010) .
We were interested in finding out whether our results can shed any light on how photoferrotrophs avoid cell encrustation during Fe(II) oxidation at near neutral pH (6.80). To this end, we used a fluorescent dye that binds to dissolved Fe(III) (i.e. ligand bound; complexed), but not to Fe(III) present in solid phase (i.e. minerals; Hao et al., 2013) . CLSM images (Fig. 4) show the presence of Fe(III) species that are spatially co-localized with EPS and reflection signals, away from the cell surface. The high correlation between EPS and Fe(III) signals (Fig. 5a) , similar to what was observed in the freshwater photoferrotroph R. ferrooxidans SW2 (Miot et al., 2009a) , reveals that in addition to precipitation as Fe(III) minerals, a second fate for Fe(III) is binding to the EPS. Furthermore, pixels for complexed Fe(III) do not correlate with the DNA signal (Fig. 5c) , which implies that the Fe(III) is not associated with the cells. The DNA and EPS signals were also spatially separated (Fig. 5d ), but the EPS and reflection signals are correlated (Fig. 5b) . All these likely point to the role of organic polymers in preventing cell encrustation, possibly via the binding of Fe(III) as a complexed phase that is detectable with an Fe(III)-binding dye and the ultimate precipitation of Fe(III) as minerals away from the cell surface.
Extracellular polymeric substances, thought to be dominantly polysaccharides based on high affinities for lectin probes, are excreted by both microaerophilic Fe(II)-oxidizing bacteria and photoferrotrophs (Miot et al., 2009a; Chan et al., 2011) . Several studies have invoked the excretion of EPS, either as structural fibrils or as amorphous material, as a mechanism for preventing encrustation by Fe(III) minerals (Emerson & Ghiorse, 1993; Chan et al., 2004 Chan et al., , 2011 Miot et al., 2009a; Schaedler et al., 2009) , by incorporating Fe(III) directly into the structure of the EPS (Chan et al., 2011) . The molecular interactions of Fe (III) when bound to a synthetic polymer indicate that Fe (III) is complexed by carboxyl groups, but that such bonds are not stable over timescales of weeks, and that Fe (III) will over time be precipitated as Fe(III) minerals (Chan et al., 2009) . Thus, our data are consistent with excretion of EPS as a strategy by R. iodosum and perhaps other photoferrotrophs to complex Fe(III) produced at or near the cell surface, preventing encrustation and delaying mineral formation. However, these models generally require direct contact between the cell and the EPS. Thẽ 1 lm distance between cells of R. iodosum and the mineral-EPS-Fe(III) (Fig. 4) along with the lack of cell encrustation we observed is paradoxical to this model. The results seemingly require transportation of the EPSFe(III) phase away from the cell and subsequent precipitation and possible nucleation of further Fe(III) minerals (e.g. Schaedler et al., 2009; Chan et al., 2011) . EPS is a term used to describe compositionally and functionally different polysaccharides, some of which are known to be soluble or mobile (Ramesh et al., 2006) , and it has been suggested that the solubility of the EPS excreted by cells changes during growth phases. For example, the EPS produced by cyanobacterium Microcystis aeruginosa was tightly bound to the cells during exponential growth stage, but released as soluble or loosely bound EPS at stationary and decay phase (Xu et al., 2013) . Although timeresolved microscopy would be needed to validate this model for R. iodosum, we suggest that cells may exploit the composition and/or solubility of EPS to transport complexed Fe(III) and precipitate away from the cells, thus avoiding cell encrustation.
The secretion of EPS may have consequences for the fate of Fe(III) minerals, once deposited to sediments such as BIFs. Cellular and extracellular organic carbon could be used by Fe(III)-reducing microorganisms as an electron donor for reduction of poorly crystalline Fe(III) minerals, generating secondary Fe(II) minerals (Konhauser et al., 2005) . Alternatively, abiotic reduction of Fe(III) minerals with organic carbon could also contribute to secondary Fe(II) mineral formation during diagenesis at increased temperatures and pressures (Koehler et al., 2013; Posth et al., 2013) . In fact, it is likely that siderite (FeCO 3 ) in BIFs is commonly formed from either or both of these processes (Reinhard & Planavsky, 2011) . For either of these reactions, the ability of organic carbon and the crystallinity of Fe(III) minerals should control the extent of Fe(III) reduction (Hansel et al., 2004; Posth et al., 2013) . Therefore, an important consideration in determining the contribution of different types of biomass generated through Fe(II) oxidation to either the organic content or secondary Fe(II) mineral formation in BIFs may be the reactivity of EPS toward microbial or thermogenic Fe(III) reduction.
Rates of Fe(II) oxidation by R. iodosum depending on light intensities -relevance for the activity of marine photoferrotrophs in modern environments Rhodovulum iodosum can oxidize Fe(II) over a range of light intensities (3-20 lmol quanta m and is probably much lower (Billerbeck et al., 2007) . Therefore, the light intensities we investigated are within the range experienced by this organism in the environment. The trend of increasing Fe(II) oxidation rates with higher light intensities was also observed for freshwater photoferrotroph strains, and fit a Michaelis-Menten equation, indicating that the reaction rate is limited by how much light the photosystems of individual strains are able to absorb . Light saturation of Fe(II) oxidation by purple nonsulfur bacterium R. ferrooxidans SW2 and purple sulfur bacterium Thiodictyon sp. strain F4 was 8 and 16 lmol quanta m À2 s À1 (400 and 800 lux), respectively, while for the green sulfur strain KoFox, Fe(II) oxidation rates saturated below 150 lux . For the marine strain purple nonsulfur bacterium R. iodosum, Fe(II) oxidation does not reach saturation even at light intensity of 20 lmol quanta m À2 s À1 (1000 lux; Fig. 1c) , indicating an adaptation to higher light conditions. This is consistent with the purple bacteria having higher light saturation than green sulfur bacteria (Overmann & Garcia-Pichel, 2000) . We estimated that the maximum Fe(II) oxidation rate is 1.54 mM day À1 for R. iodosum, and the half maximum Fe (II) oxidation rate is reached at 2.13 lmol quanta m À2 s
À1
(106 lux), determined by iterating the Michaelis-Menten fit of our data in Fig. 1c with different K m and V max values until the highest correlation coefficient was achieved. The Fe (II) oxidation rate of R. iodosum is comparable to that of freshwater purple bacteria Thiodictyon strain F4 at similar light intensity, for example, 1.27 vs. 1.5 mM day À1 at 12 lmol quanta m À2 s À1 (Croal et al., 2004) , indicating that oxidation rates among the purple bacteria may be generally similar at the same light intensities.
Potential role of marine photoferrotrophs in Fe cycling on early Earth
Although most photoferrotrophs have been isolated from sediments, they are still relevant to understanding the possible constraints on photoferrotrophy as a mechanism for Fe(II) oxidation in Precambrian oceans, which likely contributed to the deposition of BIFs. Based on evidence that Fe(II) was restricted to deeper waters in Precambrian oceans, it is thought that photoferrotorphs lived below a mixed layer, where light intensity was attenuated to perhaps less than 10% of the 600 lmol quanta m À2 s À1 experienced on a sunny day at the water surface (Kappler et al., 2005a and references therein) . In fact, physical, chemical and ecological stratification are observed in a modern ferruginous lake, where putative photoferrotrophs live below 100 m depth at light intensities below 1 lmol quanta m À2 s À1 (Crowe et al., 2008) . Our data validate that photoferrotrophy is still a viable metabolism at such low-light levels. Porewater Fe(II) concentration in North Sea sediments, where R. iodosum was isolated, can reach 60-100 lM (Slomp et al., 1997) , similar to the Fe(II) concentration range estimated for anoxic Precambrian seawater in equilibrium with calcite and siderite (40-120 lM; Canfield, 2005) . We therefore investigated growth of R. iodosum under a range of Fe(II) concentrations (0.43-4.07 mM), similar to those considered for some freshwater photoferrotrophs . Although our tested Fe(II) concentrations are still significantly higher than those estimated for Precambrian oceans, by utilizing a range we observed how Fe(II) oxidation rates respond to changing Fe(II) concentrations. Indeed, the Fe(II) oxidation rate by R. iodosum shows a Fe(II) concentration dependence. As the initial Fe(II) concentration decreased from 4.07 mM to 0.43 mM, the Fe(II) oxidation rate decreased by nearly one order of magnitude. In contrast, no clear Fe(II) oxidation rate dependence on Fe(II) concentration was observed previously for freshwater photoferrotrophs . Our data imply that substrate saturation of an enzyme controls the reaction rate (i.e. Michaelis-Menten kinetics; Fig. 1a) , consistent with the activity of putative Fe oxidoreductases involved in the transfer of electrons from Fe(II) into the photosystems of the photoferrotroph R. ferrooxidans SW2 (Saraiva et al., 2012) . Importantly, R. ferrooxidans SW2 is the freshwater equivalent of the closely related R. iodosum (Straub et al., 1999) , and it is feasible that molecular mechanisms of Fe (II) oxidation may function similarly in these strains. Furthermore, at the same initial Fe(II) concentration, the Fe(II) oxidation rate by the marine photoferrotroph R. iodosum is comparable to that of freshwater strain R. ferrooxidans SW2 (e.g. 0.69 vs.~0.60 mM day À1 at 2 mM Fe(II); Hegler et al., 2008) .
The maximum Fe(II) oxidation rate predicted by a Michaelis-Menten fit of our data (Fig. 1a) should occur at concentrations above 10 mM Fe(II). Although the initial study detailing isolation of R. iodosum reported robust growth at 10 mM Fe(II), we had difficulty cultivating the strain at these Fe(II) concentrations (data not shown). Although physiological fitness may have decreased over years of laboratory cultivation, it is possible that other factors limit putative Fe oxidoreductases from achieving their maximum rate. Recently, Bird et al. (2013) described the toxic effects of Fe(II) and Cu(II) on the photoferrotroph Rhodopseudomonas palustris TIE-1 under anoxic conditions. They noted that trace contamination of Cu in stocks of Fe(II) was enough to cause toxicity. Our medium with~5 mM Fe(II) contains 0.8 lM Cu (E.D. Swanner, unpublished data), much higher concentrations than were needed to affect growth of R. palustris TIE-1, implying an Fe(II)-Cu toxicity could explain the reduced growth we observed at 10 mM Fe(II).
Based on the Fe(II) oxidation rate of R. ferrooxidans SW2, Kappler et al. (2005a) suggested that anoxygenic photoferrotrophs could fully oxidize the Fe(II) upwelling from anoxic deep waters in the Precambrian ocean, despite limited light penetration below a wind-mixed layer. In the present study, we showed that the Fe(II) oxidation rate of marine photoferrotroph R. iodosum is dependent not only on light intensity, but also on initial Fe(II) concentration (Fig. 1) . The calculations of Kappler et al. (2005a) utilized data from experiments with photoferrotrophs grown at~5 mM Fe(II), a full order of magnitude higher than Fe(II) concentrations they cite for anoxic deep waters. Rhodovulum iodosum oxidizes 0.15 mM Fe(II) day À1 at 0.43 mM Fe(II) and 12 lmol quanta m À2 s À1 . Reasonable Fe(II) oxidation rates for photoferrotrophs living beneath a wind-mixed layer in anoxic waters may therefore be slower than suggested by Kappler et al. (2005a) , given the effects of both light intensity and Fe(II) concentrations. Therefore, photoferrotrophs would need to extend to at least 50 m below the mixed layer rather than 17.6 m suggested by Kappler et al. (2005a) , to account for complete oxidation of upwelling Fe(II) at the cell densities they suggested. Importantly, anoxygenic photosynthetic populations do inhabit intervals of~50 m below the mixed layer in modern anoxic ferruginous and sulfidic water columns (Repeta et al., 1989; Crowe et al., 2008) , suggesting such a scenario is reasonable. Finally, we have shown that Si addition does not affect the average Fe (II) oxidation rate of R. iodosum, and oceans at saturation with amorphous Si in the Precambrian should not have hindered the ability of photoferrotrophs to oxidize Fe(II).
